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Abstract 
The lowering of the consumption of resources in the production is an essential contribution to sustainable manufacturing. Critical resources 
regarding the availability and regeneration such as valuable and rare materials as well as energy are to be spared if possible by a corresponding 
determination of the manufacturing technologies. From the possible alternative manufacturing variants, it is necessary to select those with the 
lowest consumption of resources. The decision-making requires an estimation of the consumption of resources which includes the direct 
consumptions of the machines just as the consumptions initiated by applying the processes. In this paper a concept is presented that allows for 
estimation of the consumption of material and energy in manufacturing processes. The estimation includes systematically initiated 
consumptions that will be analyzed the same way as the manufactured products. This way, it is achieved that effects of the technology 
application on the consumptions of resources become transparent over several stages. 
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1. Introduction 
In the manufacturing of series production parts the 
decisions made in the context of the production planning with 
regard to the selection of manufacturing processes and 
machines lead to an early commitment regarding the 
consumption of resources in the production. This commitment 
applies mostly for the entire production cycle, lasting often 
several years and during which thousands or even millions of 
parts are produced. Therefore, the expectable resource 
consumption has to be included in the analyses already at the 
beginning of the production planning. Especially valuable and 
rare materials as well as the consumed energy have to be 
spared as critical resources with regard to their availability and 
regenerativity.  
Starting from a product whose design is already determined 
to a great extent, the decisions in production planning are 
limited to the used manufacturing processes and machines. 
Among the possible alternative production variants the one 
has to be selected that consumes as less resources being 
considered critical as possible. Therefore, the decision-making 
requires an estimation of the resource consumption. The data 
used for it has to be already available in the early stage of the 
production planning and contain sufficiently specific 
information to achieve selectivity in the estimation of 
manufacturing variants. Therefore, the data and approach have 
to be neither too general nor has the data collection to be very 
elaborate.  
Besides the direct consumptions of energy and materials in 
the machines in the analyzed production section, further 
consumptions are initiated by the respective manufacturing 
processes. Thus, for example tools and process media are 
required which have to be replaced or reworked depending on 
the produced amount of parts. Such initiated consumptions 
should also be analyzed in an extensive estimation. Only in 
this way the right processes with regard to a sustainable 
manufacturing can be selected and measures for the 
optimization can be defined. In doing so, it has to be taken 
into consideration that all process steps and alternatives are 
analyzed with comparable system boundaries.  
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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In the following, a concept is presented and discussed 
according to which the consumptions of materials and energy 
in manufacturing processes can be estimated relating to the 
produced part. The consumptions of the single processes can 
be combined to process chains and allow for a comparative 
estimation of manufacturing alternatives in the production 
planning. In the estimation initiated consumptions are 
systematically included and for their part analyzed analogous 
to the manufactured products. In this way the comparison of 
process alternatives has influence on the far-reaching 
implications of the technology employment. 
2. Conditions and Constraints  
Each kind of decision in the product creation process 
requires an information basis as good as possible. The 
technical product life cycle covers the phases of material 
exploitation, production, product use and end-of-life. 
Environment-related questions are especially complex, as a 
multitude of information in width and depth from the 
complete technical product life cycle is necessary for accurate 
decision-making. 
Holistic Life Cycle analysis (LCA) approaches as, e.g., 
standardized in ISO 14040ff [1] call for a consideration of 
multiple (i. e. all) environmental impacts along the complete 
life cycle as well as following a holistic system view with 
potentially extensive system boundaries. Both of these 
requirements lead to highly complex, time- and data-
consuming methods often applicable only reactively once the 
product and production system are already completely 
defined. 
In order to enhance the applicability of LCA approaches 
also and especially for proactive use in earlier engineering 
phases, simplifications in LCA methodology are discussed. 
Todd et al. [2], e.g., distinguish, among others, the following 
simplification methods: 
x Reduce the LCA width through removing upstream and/or 
downstream components, e.g. by focusing on the 
production and/or product use phase only 
x  Reduce the LCA depth by using specific entries to 
represent impacts, e.g. by postulating the material use 
being representative for all environmental aspects 
x  Reduce the LCA depth by using qualitative or less accurate 
data, e.g. by estimating the impacts of nuclear power usage 
x  Reduce the LCA depth by using surrogate process data, 
e.g. by using database or reference product data instead of 
real data.  
 
The application of such simplification methods may be 
advantageous and disadvantageous in different respects. On 
the pro side, analyses can be accelerated, pulled forward to 
earlier processes steps, or even facilitated at all. On the con 
side, accuracy and validity of results may suffer from 
negligible variations to completely wrong results. Thus, the 
feasibility of these methods depends on the actual use case.  
The focus of the approach presented in this paper is limited 
both in width and depth: 
x Material and energy analysis only  
This reduction of the LCA depth by using specific entries 
to represent the overall impacts is feasible in cases these two 
specific environmental impact categories are assumed to be 
dominating the overall environmental footprint, which is often 
the case regarding machine and automotive industry products. 
x  Consideration of effects in the manufacturing phase only 
This reduction of the LCA width by removing both 
upstream and downstream phases of the product life cycle is 
reasonable in cases where either other phases are negligible, 
in comparison, or boundary conditions define those other 
phases as being not changeable, e. g. if product design (which 
could also influence the material, use and end-of-life phases) 
as such cannot be influenced, production is however still 
offering design freedom. This is often the case in industrial 
environments, when production systems are to be designed for 
existing or from a design point finalized products. 
 
Through these simplifications, however, the approach 
offers a lean but powerful method for an in-depth analysis of 
the selected environmental impacts. It provides concrete and 
comprehensible starting points for environmental 
optimizations, taking both direct material and energy 
consumptions and indirect environmental impacts into 
account. Due to the simplifications, the interpretation of the 
results will have to consider and evaluate potential limitations 
in the informative value. 
Environmental impacts along the product lifecycle are to 
the major extent (pre)determined in product and production 
engineering phases. According to the product and production 
engineering framework presented by the authors in [3], both 
phases can be further subdivided along the maturation process 
from the concept over the layout to the detailed level, see 
Table 1. 
Table 1. Maturation phases in product and production engineering according 
to [3]. 
 Concept level Layout level Detailed level 
 Product    
 Definition Functional design Principle design Detailed design 
 Production  
 Definition 
Technology 
definition Process design 
Process 
specification 
 
All these phases offer opportunities for environmental 
optimizations. Investigations in [4] identified different target 
areas. According to the scope definition in section 1, this 
paper will focus on the technology definition phase within 
production engineering, with the product definition being 
already fixed and degrees of freedom lying along the 
maturation phases of production development. 
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3. Literature Review 
The resource consumption of manufacturing processes and 
process chains is often investigated and assessed in already 
implemented manufacturing systems. In [5] it is described 
how the LCA method according to the ISO standard [1,6] can 
be applied to industrial use to evaluate and interpret 
technology chains in manufacturing. Investigations for two 
demonstrator products from the automotive industry are 
presented. The acquired data on the shop floor and process 
level even extends the accuracy needed to perform a sound 
LCA. Thus the presented LCA application is rather aimed at 
monitoring existing manufacturing systems than being 
applicable to predictive evaluation of the resource 
consumption. A consideration of life cycle assessment in the 
product development was presented by [7].  
In previous research [8] the authors introduced a method 
for the selection of manufacturing process chains during the 
product creation process. At this point the product design is 
finalized but the process selection still offers opportunities to 
influence the energy consumption. A state-based model of the 
machinery and equipment is applied in order to predict the 
energy consumption of manufacturing processes. In [9] the 
authors presented a concept for the provision of power 
consumption parameters from monitoring production systems. 
In contrast to public or commercial life cycle inventory 
databases a company-specific provision of the planning data 
is proposed. The method was applied for the Pulse 
Electrochemical Machining (PECM) process [10,11]. The 
previous work is the basis for further considerations including 
the consumption of resources like tools and media applied in 
the processes. 
In [12] it was shown how the choice of the system 
boundaries can influence the environmental assessment of the 
process design. The sole considering of the direct energy 
consumption of a milling tool leads to the conclusion that 
higher material removal rates allow to increase the energy 
efficiency of the process. When including the embodied 
energy of the applied tools it showed that there is a trade-off 
between the wear of the tools and the material removal rate. 
Thus, it is necessary to consider also indirect but 
systematically initiated consumptions of the processes. 
 
4. Method of the self-similar estimation  
In order to be able to compare different manufacturing 
alternatives it is important to estimate all manufacturing 
processes within the same system boundaries. Fig. 1 shows 
the system boundary that was taken in this concept as a basis. 
The analysis incorporates all consumptions which arise 
directly during the operation of the used machine. This 
includes among others the electric power consumed by the 
machine. 
 
 
Fig. 1. System boundaries manufacturing process, according 
to [11] 
Many manufacturing processes are dependent on 
peripheral systems which individually take over tasks being 
directly integrated into the process. An example is the supply 
of cutting machines with cooling lubricants including the 
cleaning and tempering of the liquid. Such necessary 
peripheral systems being directly connected with the 
manufacturing process are included in the analysis. In case 
peripheral systems supply several machines at the same time 
their resource consumption is proportionately taken into 
account. The analysis does not include any systems and 
consumptions prior to the production which are not directly 
connected with the technological process. They cannot be 
influenced by selecting an optimum process chain. This 
includes for example facilities for the transport and handling 
of the parts between the process steps or heaters as well as 
cooling units for factory buildings.  
In the first place the method was developed for and applied 
to the estimation of the energy consumption [11]. It can also 
be applied analogous to the consumption of materials. Besides 
the energy the entering media, e.g. gases or liquids, the tools 
and the material of the workpiece are considered as input 
parameters for the analysis of each single process as pre-
product. The output of the process consists in the machined 
part as final product and of waste. The material deviation 
between pre- and final product is rated as consumption. Also 
media and tools being lost by the process are estimated as 
material consumption. Incurring waste, like chips during the 
cutting machining, is in part recyclable. But as the recycling 
process itself consumes resources and is subject to a multitude 
of influences, in our method the waste is considered as loss. 
When applying the estimation method the complete 
acquisition of all resource consumptions is not the objective. 
In most of the manufacturing processes a complete acquisition 
of all consumed materials would be very time-consuming and 
complex. The decision for the selection of the best process 
chain for a product requires rather the concentration on single 
selected parameters and materials with high relevance. Thus, 
for example consumptions of materials with a limited 
availability or a high environmental relevance can be 
specifically analyzed. The exploitation of the materials can 
have great environmental relevance due to major interventions 
into nature or very high energy requirements. Additionally, 
the release and carryover of the materials in the 
manufacturing processes contain also risks for the 
environment. The vaporization and leakage of liquids in 
Machine
tool
Peripheral A 
Peripheral B 
…
System boundary
Energy
Supporting
and process
media
Tools
INPUT OUTPUT
Final product
Pre-product
Waste
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machines are examples for the release of materials just as the 
friction of material at tools. 
The number of the manufactured parts results as basis for 
the analyses in the context of the process planning. Each 
individual process can be estimated with an allocation of 
material consumptions and energy according to the number of 
units produced. The material consumptions are described in 
gram and the energy in Joule. The number of units can be 
assigned to the overall consumption for a defined 
manufacturing stage to be planned by adding up the single 
process steps. As soon as the data is available many 
manufacturing alternatives can be compared with regard to 
the overall resource consumption. 
The fact that further consumptions of resources are induced 
by the tools and media is until now a rarely considered aspect. 
In order to acquire this impact it is recommended to analyze 
also the process chain for the manufacturing of the tools and 
media in the analogous way as it is the case for the 
manufacturing of the product. In this way the impact of the 
technology use can be included in the estimation of the 
resource consumption over several levels, as shown in Fig. 2. 
In order to keep the time and effort for these analyses in 
manageable limits the analyses at the second and third level 
should refer only to those elements whose manufacturing 
requires high amounts of energy and materials. An advantage 
of the multi-level analysis over a simple analysis of just the 
first level is the explicit acquisition of the induced impact 
during the use of a special manufacturing technology. 
Furthermore, the multi-level analysis supports the objective 
comparison of manufacturing processes with regard to the 
overall resource consumption. Fig. 3 shows schematically 
how the consumption data of the pre-process chains for the 
inputs of the single process steps is connected with the 
process chain of the first level. In a data cube, as shown in the 
figure, data can be successively completed to acquire the 
connections more and more holistically. As similar processes 
also go back to similar inputs, consumption data having been 
collected once can be used for the analysis in a varied way. 
For example, tools for the cutting machining are 
manufactured according to the same or similar pre-process 
chains. Thus, data for the tool manufacturing on the second 
level can contribute to many different processes on the first 
level in the same way. 
 
Fig. 3. Resource inventory of the investigated process chain 
The equations (1)-(3) show how the inventory can be 
calculated for the process chain (PC), a manufacturing process 
(P, index m) and a resource (R, index l) with its pre-processes 
(PP, index k). 
Energy
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Fig. 2. Multi-level resource consumption analysis 
2. Level of investigation: Inventory of the pre-process
chain for one applied resource
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investigated process chain
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5. Description of an example 
In order to illustrate the connections two exemplary 
manufacturing processes with their input parameters are 
outlined and compared with each other. For the analyses 
milling on multi-axial machines and precise electrochemical 
machining in the sinking process are selected. Both processes 
are used for example for the manufacturing of turbine blades 
for aircraft engines and represent there a possible 
manufacturing alternative. Table 2 compares the respective 
inputs for the process on the first level of analysis.  
Table 2. Qualitative example for the comparison of the resource consumption 
for a milling and a PECM process. 
 Milling PECM 
P
re
-
pr
od
uc
t Raw part, pre-machined, e.g. by forging or by 
additional manufacturing technologies, 
equal for both alternatives 
E
ne
rg
y 
Electrical energy 
- for main spindle as 
well as for other 
functions of the 
machine system 
Low pneumatic energy 
- for some additional 
functions 
Energy consumption 
- of peripheral 
systems, especially 
lubrication systems 
Electrical energy 
- as the physical base of 
material removal 
- for other functions of the 
machine system 
Low pneumatic energy 
- for some additional 
functions 
Energy consumption 
- of peripheral systems, 
especially electrolyte 
systems 
M
ed
ia
 
Lubricant 
- as supporting media 
Electrolyte 
- as process media 
T
oo
ls
 
Cutting tools,  
e.g. made of hard metal 
Electrode,  
e.g. made of steel 
 
Many of the inputs are similar for both processes. In both 
cases the pre-machining state is the same. Both processes 
need a peripheral system for the supply with a liquid medium. 
In the case of milling it is the cooling lubricant that has to be 
cleaned, cooled and controlled in its composition. In the case 
of precise electrochemical machining it is the electrolyte that 
has also to be treated in a similar way. Both media are 
consumed to a low amount by carryover, leakage and 
vaporization and have to be refilled appropriately. 
A difference between the two manufacturing processes 
consists in the transformation of the electrical energy. During 
milling the consumed electrical energy of the spindle is 
transformed into mechanical energy which is used for the chip 
removal. During the precise electrochemical process the 
electrical energy is used directly for the dissolution of the 
workpiece material atom by atom. As a matter of principle the 
energy transformed directly during the material removal is 
higher during the precise electrochemical machining than 
during the milling. Contrary to this it must be taken into 
account that many machine elements move in a milling 
machine and numerous additional processes take place, e.g. 
tool changes, which require additional energy. It depends on 
the respective type of machine which machine consumes 
altogether less energy for the manufacturing of a tool.  
A significant difference between the analyzed processes 
lies in the kind and the consumption of tools. For milling 
cutting tools are used which are made of hard materials, as 
e.g. hard metal. These tools wear out during the milling 
process and have to be replaced regularly. During the precise 
electrochemical machining electrodes are required which are 
made of a conductive material and have not to comply with 
high resistance requirements. The electrochemical machining 
principle does not cause wear at the tool which is why these 
can be ignored in their material consumption. When analyzing 
the manufacturing of the tools as input on the second level a 
time-consuming pre-process chain with a high consumption of 
resources arises as a result in the case of milling. On the one 
hand, the materials for hard metal tools are mainly tungsten 
carbide und cobalt, which have to be classified as critical with 
regard to their availability. On the other hand, the 
manufacturing of the tools requires many process steps, 
according to Fig. 4. These are in turn connected with 
corresponding energy consumption. 
 
 
 
Fig. 4. Pre-process chain for the manufacturing of milling 
tools (cutting inserts) 
Tungsten carbide powder
Mixing
Sintering
Grinding
Final product = tool
Pressing
Spraying (granulate production)
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6. Discussion  
The example illustrates that by including the second level 
of analysis, consumptions of energy and materials come into 
focus that are induced indirectly by the use of a 
manufacturing technology. In the comparison of the two 
manufacturing alternatives the inclusion of the second level 
leads to that higher consumptions have to be assigned to 
milling than it would be the case for a simple analysis just on 
the first level. When expanding this way of analysis it is 
important that all processes are analyzed over the same 
number of levels. 
Furthermore important for consumption analyses in the 
comparison of alternative process chains is the determination 
of a similar pre-machining state. But it has to be taken into 
consideration that the use of different processes often leads 
also to other determinations with regard to the pre-products. If 
necessary the limits of analysis have to be extended by also 
including upstream process steps in the estimation. 
Beyond the sole analysis of manufacturing alternatives the 
concept can in case of a predetermined design also be 
transferred to the analysis of design variants. The degrees of 
freedom then increase accordingly. Furthermore, the range of 
the analyzed process chain has to be adjusted. In case 
completely different functional principles underlie the 
construction or very different materials are used the 
comparability reaches its limits. Thus, an analogue 
dissociation of the process chain in the analyses is not 
possible anymore. 
When evaluating the results it cannot be excluded that 
conflicts of objectives arise. Thus, the consumptions of 
different resources can be absolutely opposed in the process 
alternatives. In some cases a monetary estimation might then 
allow for a comparison. But from the point of view of the 
sustainable design of manufacturing processes it is to be 
recommended to make a prioritization of the analyzed 
materials and resources and to decide on this basis. The 
information taken by means of the multi-level analysis and the 
qualitatively illustrated correlations can then be carried out in 
the selected variant of a targeted reduction of consumptions.   
7. Discussion 
Sustainable manufacturing requires that the consumption 
of resources in the production is optimized already in the 
product-engineering process. This means that in the 
technology definition the ones with the resource requirements 
as low as possible are selected. The decisions to be taken 
require a method which early takes all consumptions of 
energies and materials into account. 
In this contribution a concept was presented and discussed 
with which the resource consumption along a stage of a 
manufacturing process chain in defined system boundaries is 
estimated. In doing so also consumptions caused indirectly, 
e.g. by the manufacturing of tools and process media, are 
included. The advantage of the method is that a holistic 
analysis from the perspective of the production takes place for 
all analyzed resources. Thus, different manufacturing 
alternatives can be compared with each other in the decision-
making process. Due to the transparency of the consumptions 
caused directly and indirectly, the method is also suitable for 
constantly working specifically on the reduction of material 
and energy consumption.  
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